Abstract-In this paper, a disposable screen-printed gold electrode (SPGE) utilized of silicon nanowires (SiNWs) and gold nanoparticles as sensing material was fabricated for detection of DNA oligomers related to dengue virus. First, SiNWs/AuNPs-SPGE was developed by the dispersion of SiNWs in 3-aminopropyltriethoxysilane (0.5%) onto bare SPGE. Second, the AuNPs decoration on SiNWs-SPGE surface was functionalized using dithiopropionic acid through a self-assembly monolayer technique. The electrochemical response of methylene blue (MB) as a redox indicator toward synthetic DNA oligomer after hybridization on SiNWs/AuNPs-SPGE was recorded by cyclic voltammetry and differential pulse voltammetry techniques. The results demonstrated that the reduction peak current of MB was significantly decreased after DNA hybridization process. In addition, the developed biosensor showed a good storage stability and could achieve a linear range of 1 × 10 −11 − 1 × 10 −7 M (R = 0.98) with the detection limit of 1.63 × 10 −12 M.
type-4). Any of these serotypes of dengue virus can cause mild febrile diseases at first primary infection and potentially developed into more severe dengue haemorrhagic fever (DHF) and dengue shock syndrome (DSS) that can lead to fatality [2] . Until now, there is no specific medication or antibiotic to kill dengue virus, but just solely depend on the treatment of dengue infection symptoms [3] .
Hence, the development of rapid symptomatic detection of dengue virus at early stage is seen as an important effort to prevent the spreading of dengue disease. Current clinical dengue virus detection is depend on the molecular biology technique via polymerase chain reaction (PCR), reverse transcribe PCR and real-time PCR. However, the disadvantage with this technique is more likely exposed the chance of falsepositive reading as the results of cross contamination with dengue virus PCR products [4] . In addition, this molecular technique required tedious control (involves multistep) and costly instrumentation is needed.
DNA biosensor based on DNA hybridization events has been previously reported as an effective diagnostic tool for nucleic acid detection due to its ability to shorten the assay time, specificity, and allowing detection almost in real-time [5] [6] [7] [8] . DNA biosensors are sensing devices that consist of oligonucleotide of DNA as biological recognition elements and incorporated with physiochemical transducer for converting DNA hybridization events into a useful analytical signal [9] . Several types of transducers for detecting DNA hybridization events have been reported such as the electrochemical transducer [10] , [11] optical transducer [12] , [13] piezoelectric transducer [14] and electrical transducer [15] . Electrochemical sensor has been gaining attraction in the diagnostic detection because of not only offering many benefits, including low cost of production, simplicity of protocol, portable, sensitivity and selectivity, and easily integrated and miniaturization but also can convert the hybridization event into a direct electrical signal [16] , [17] . The construction of DNA sensor usually involved the immobilization of a single-stranded DNA (ssDNA) onto working electrode surface before allowing hybridizing with its complementary DNA target oligomer. The changes of electric current generated as the result of DNA hybridization process can be the main analytical signal for electrochemical DNA detection. With the growing of nanotechnology fields, it has been proven that the utilization of nanomaterials in DNA biosensors can enhance the DNA immobilization on the electrode surface and 1530-437X © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
also can be acted as the signal amplifier for the hybridization events [18] [19] [20] , thus improve the electrochemical responses of DNA biosensor. Numerous kinds of nanomaterials have been explored in developing of ultrasensitive DNA sensors including gold nanoparticles (AuNPs) [21] [22] [23] [24] [25] [26] , Nanowires [16] , [27] , Carbon nanotubes [28] , Quantum dots [29] [30] [31] and nanoporous substrates [32] , [33] . Late this year, researchers began to utilize silicon nanowires (SiNWs), as promising sensing nanomaterial in construction of chemical and biological sensing devices [34] [35] [36] [37] . This is attributed to the SiNWs owing its unique properties, including excellent electronic/mechanical properties, favorable biocompability, stability of the atmosphere condition and large surface to volume ratio [38] [39] [40] [41] [42] [43] . However, these previous studies were based on SiNWs-Field-Effect Transistor (FET) sensor for ultrasensitive and selective DNA detection. Zhang et al. [44] employed a single SiNWs based on FET sensor successfully to detect RT-PCR product of dengue virus below 10 fM within 30 minutes. Nevertheless, the high cost generated for the fabrication of SiNWs-FET sensor become a main barrier to develop a low-cost sensor since involved advanced lithography methods such as E-beam, AFM or deep UV lithography [45] . Besides that, several methods of DNA sensor detection have been demonstrated lately for sensing application of SiNWs. For example, He et al. [46] demonstrated that the utilization of SiNWs can enhance sensitivity of Surface-Enhanced Raman Spectroscopy (SERS) detection of thymus DNA at the concentration of 1 × 10 −8 mg/mL. The detection based optical sensor have been constructed by the group of Su et al. [47] who used novel SiNWs based Molecular Beacons (MBs) for multiplex DNA detection. A few studies on utilization of SiNWs in the electrochemical sensor for hydrogen peroxide [48] , Bovine Serum [49] and glucose detection [50] have been reported recently. However, there is no previous report on the application of SiNWs as sensing material in electrochemical biosensors due to the challenges of SiNWs integration in DNA electrochemical system [51] . Our preliminary studies showed that the utilization of SiNWs suspension has a good potential as sensing material in DNA electrochemical detection [52] . To our knowledge, there is not any report on development of electrochemical DNA hybridization sensor based on SiNWs/AuNPs modified screen printed electrode (SPE). In this paper, we presented a novel disposable screen printed gold electrode utilized of SiNWs/AuNPs nanocomposite for electrochemical detection of synthetic dengue virus oligomer using methylene blue (MB) as a redox indicator. The role of SiNWs/AuNPs is expected to enhance the conductivity of SPGE and also provide a good site for DNA probe immobilization and hybridization.
II. EXPERIMENTAL

A. Apparatus, Reagents and Material
All the electrochemical measurements were conducted by μAUTOLAB (III) electrochemical potentiostat (Eco Chemie, Utrecht, The Netherlands) using screen printed junction cable controlled by general purpose electrochemical system (GPES) software version 4.9. The screen printed gold electrode (SPGE) (ref 220AT) which was printed on ceramic substrate (3.4 ×1.0 ×0.05 cm) were purchased from DropSens, (Spain), consists of a gold disk as working electrode with area of (12.6 mm 2 ), gold counter electrode and silver-reference electrode. Suspension of Silicon nanowires (SiNWs) was prepared in Isopropyl alcohol solution (1×10 6 wires/mL) with the diameter size and length of 150 nm ± 30 nm × 20 μm ± 2 μm, respectively. Potassium ferricyanide (K 3 Fe(CN) 6 ), Tetrachloraurate (III) tetrahydrate (HAuCl 4 . 4H 2 O), Sodium, citrate, hydrogen peroxide (H 2 O 2 ) (30% w/w), NH 4 OH (30% w/w), 3-Aminopropyltriethoxysilane (99%) (APTES) and Dithiopropionic acid (DTPA) were purchased from Sigma-Aldrich, USA. All oligomers related to dengue virus sequence were synthesized by First BASE Laboratories Sdn Bhd, (Selangor, Malaysia). The base sequences are listed as follows: 27-mers probe thiolated DNA single sequence (ssDNA): 5' SH-(CH 2 ) 6 -AAC AGC ATA TTG ACG CTG GGA GAG ACC-3'; 27-mers complementary DNA sequence (cDNA): 5'-GGT CTC TCC CAG CGT CAA TAT GCT GTT-3'; 27 mers one-base mismatched DNA sequence (oDNA): 5'-GGT CTT TCC CAG CGT CAA TAT GCT GTT-3'; 27 mers non-complementary (ncDNA): 5'-TTC TGT GTT AGT ATC TGG GCC ATG TCC-3'. Stock solution of all synthetic oligomers (100 μM) were prepared in TE buffer solution (10 mM Tris-(hydroxymethyl) aminomethane-HCl (Tris-HCl) (Sigma, USA) and 1 mM EDTA (pH 8.0)) and kept frozen. The supporting electrolyte for CV and DPV measurements was prepared in 50 mM Tris-HCl containing 20 mM NaCl (Sigma, USA) (pH 7.6). Methylene blue (MB) was purchased from R&M Chemicals (Essex, UK) and Stock solution of MB was prepared in 50 mM Tris-HCl containing 20 mM NaCl (pH 7.6). All other chemicals were of analytical reagent grade.
B. Synthesis of Gold Nanoparticles (AuNPs)
AuNPs colloidal solution with 20 nm diameter was prepared based on the modified method of Nasir and Nur [53] . Briefly, 1.0 mM of gold (III) chloride trihydrate salt (HAuCl 4 .3H 2 0) was prepared by adding of 0.04 g HAuCl 4 .4H 2 O into 100 mL of distilled water followed by heating to boiling temperature, while keep vigorously stirring. Then, 10 mL of a 38.8 mM sodium citrate solution was added quickly and the changes of color solution from yellow to deep red was obtained, indicating formation of AuNPs. The AuNPs colloidal solution was kept at 4°C before using.
C. Fabrication of SiNWs/AuNPs Modified SPGE Electrode
Gold working electrode of SPGE was polished carefully using 3-μm alumina powder and cleaned subsequently with distilled water and dried with nitrogen gas (N 2 ). Pre-treated SPGE was dipped in a mixture solution containing H 2 O, NH 4 OH (30%) and H 2 O 2 (30%) (5:1:1 volume ratio) for two minutes. Then stock solution of SiNWs was mixed with 2% APTES to make final SiNWs suspension in 0.5% APTES and sonicated for 30 minutes to ensure the uniform distribution. The homogenous suspension (10 μl SiNWs) was drop casted on SPGE surface and incubated for 3 hours at room temperature, rinsed with ethyl-ethanol followed by baking at 100°C for 30 minutes. The modified SPGE (denoted as SPGE-SiNWs) was dipped in 5mM ethanolic dithiodipropionic acid (DTPA) for 24 hours at room temperature in dark condition. The SPGE-SiNWs was soaked in gold nanoparticle (AuNPs) suspension for 2 hours, rinsed with distilled water to remove the excess of AuNPs and dried with N 2 gas. It is commonly known that gold have a high affinity for sulfur atoms and the formation of self-assembled layers from disulfides is based on the reaction reported by Shih et al. [54] and Łuczak [55] :
The fabricated modified SPGE (SPGE-SiNWs-DTPAAuNPs) was electrochemically characterized using cyclic voltammetry (CV) in 1.0 mM [Fe(CN) 6 ] 3−/4− containing supporting electrolyte (50 mM Tris-HCl + 20 mM NaCl) (pH 7.6) at potential range of −0.6 V to 0.6 V with the scan rate of 100 mV/s. The morphology of modified SPGE was characterized and examined by scanning electron microscopyenergy dispersive X-ray (SEM-EDX).
D. Immobilization and Hybridization of DNA on SiNWs/AuNPs Modified SPGE
The immobilization of ssDNA probe on SPGE-SiNWs-DTPA-AuNPs surface was carried out by dropping of 10 μl of thiolated ssDNA probe (3 μM) in TE buffer solution (pH 8.0) for 24 hours at room temperature. Then, it was washed with TE buffer to remove any unbound thiolated ssDNA probe. The modified SPGE was denoted as ssDNA-SPGE-SiNWs-DTPA-AuNPs. For the DNA hybridization events, 10 μl of complementary DNA in TE buffer (pH 8.0) was incubated on ssDNA-SPGE-SiNWs-DTPA-AuNPs surface for two hours at 40°C. It was followed by washing the excess of complementary DNA with TE buffer and dried with N 2 gas. The modified SPGE was denoted as dsDNA-SPGE-SiNWs-DTPA-AuNPs.
E. Electrochemical DNA Detection Using Methylene Blue as Redox Hybridization Indicator
The DNA hybridization detection was based on electrochemical signal of MB after accumulation on DNA sequences surface. Firstly, the modified ssDNA-SPGESiNWs-DTPA-AuNPs after hybridization process was immersed into 50 μM MB containing supporting electrolyte (50 mM Tris-HCl + 20 mM NaCl) (pH 7.6) for 20 minutes without applying any potential. The modified SPGE then was rinsed with 50 mM Tris-HCl buffer (pH 7.6) to remove the excess of bonded MB and dried with N 2 gas. The electrochemical signal of MB was performed by dropping of blank supporting electrolyte (50 mM Tris-HCl and 20 mM NaCl) (pH 7.6) on the modified SPGE surface using cyclic voltammetry (CV) and different pulse voltammetry (DPV) techniques. The DPV technique was carried out at room temperature by scanning potential in the range of −0.4 V-0.1 V, step potential of 5.0 mV, modulation amplitude of 0.5 V with the interval time of 0.64 s. 
III. RESULTS AND DISCUSSION
A. The Fabrication Process of SiNWs/AuNPs Modified Screen Printed Gold Electrode (SPGE)
The scheme of all the fabrication process for modified SPGE was described in Figure 1 . Firstly, the hydroxyl functional group-modified SPGE was functionalized with SiNWs-amines group (NH 2 ) through silanization process. Secondly, the presences of NH 2 group on SiNWs surface was reacted with Carboxyl functional group (COOH) of DTPA, forming amide bond. Meanwhile, the disulfide bond (S-S) of DTPA was covalently bonded to AuNPs through Au-S bond. Thirdly, the thiolated ssDNA probe was immobilized on the surface of AuNPs-DTPA-SiNWs-modified SPGE via covalent binding of thiol-sulfur (S) for DNA hybridization.
Finally, the DNA hybridization event was electrochemically detected based on the methylene blue (MB) reduction on the DNA surface using CV and DPV techniques. The successful fabrication of SiNWs/AuNPs-modified SPGE was characterized by SEM-EDX (Fig. 2a and b) which demonstrated that SiNWs surface was decorated by AuNPs.
B. Electrochemical Behavior of [Fe(CN) 6 ] 3−/4− at Different Modified SPGE
In this study, the whole fabrication process of modified-SPGE could be monitored using potassium ferricyanide solution through cyclic voltammetry (CV) at different modified SPGE [17] , [56] . In this study, cyclic voltammetry at different electrodes was performed in 1.0 mM ([Fe(CN) 6 ] 3−/4− ) containing 50 mM Tris-HCl and 20 mM NaCl (pH 7.6) at potential range of −0.5 V to 0.6 V with scan rate of 100 mV/s (Fig. 3) . In general, all modified SPGE exhibited a pair of welldefined redox due to oxidation and reduction process of [Fe(CN) 6 ] 3−/4− , produced higher peak currents compared with bare SPGE. After the modification of SPGE with SiNWs, the anodic and cathodic peak currents were enhanced Cyclic voltammetry of various assembly of SPGE in 1 mM K 3 Fe(CN) 6 containing 0.1 KCl (pH 7.8) at scan rate of 100 mV/s. remarkably at peak potentials of 0.181 V and 0.054 V, respectively. This is probably due to the unique properties of one-dimensional structure for SiNWs that can increase the surface area and conductivity of SPGE as the substrate.
The application of a self-assembly monolayer (SAMs) of (dithiopropionic acid (DTPA)) on SiNWs-modified SPGE surface for AuNPs immobilization strategy seems slightly decreased the peak currents of [Fe(CN) 6 ] 3−/4− [17] , [51] [52] [53] [54] [55] [56] [57] [58] [59] , however the sensitivity was higher than bare SPGE. Interestingly, the addition of AuNPs on SiNWs-modified SPGE resulted in a lower peak potential separation from 0.08 V to 0.18 V indicating the improvement of reversibility. When the thiolated ssDNA probe was immobilized on SiNWs-DTPA-AuNPs modified SPGE, the decreased of peak current was observed due to the repletion of [Fe(CN) 6 ] 3−/4− ions to the surface of modified electrode as the result of negative charge phosphate backbone of ssDNA probe [60] . On other sides, it was shown that the ssDNA probe was successfully immobilized on the developed modified SPGE. Afterwards, upon the DNA hybridization process between ssDNA probe and complementary DNA, a further decrease of peak currents was observed as shown in Fig. 3 . This is due to the more negative charged phosphate backbone of DNA introduced for electrostatic repulsion force with [Fe(CN) 6 ] −3−/4 ions [61] . Besides that, the formation of DNA duplex between ssDNA probe and its complementary DNA would probably blocking the penetration of [Fe(CN) 6 ] 3−/4− ion to the surface of modified electrode.
IV. EFFECTIVE SURFACE AREA FOR MODIFIED SPGE
The estimation of effective surface area for electrode is important in monitoring the performance of modified electrode for DNA sensor development. The effective surface area can be estimated based on the slope of (i pa versus ν 1/2 ) according to the Randles-Sevcik equation [62] (Fig. 4) :
Where i pa is the oxidation peak current, n is the number of electron transfers (n = 1), ν is scan rate (V s −1 ), D is the diffusion coefficient of [Fe(CN)] 6 3−/4− solution (7.6 × 10 −6 Cm 2 s −1 ) [63] , [64] , "A" is the effective surface area (cm 2 ) and "C" represents the concentration of ferricyanide solution. The measurement was performed using cyclic voltammetry in 1 mM K3[Fe(CN) 6 ] containing 0.1 M KCl solution at different scan rates (10 mV s −1 −250 mV s −1 ). The effective surface area (A) were found as 0.1039 cm 2 and 1.078 cm 2 for bare SPGE and modified SPGE respectively. These finding showed that the application of SiNWs/AuNPs nanocomposite for electrode modification obviously enhanced the effective surface area around 10 times more than bare SPGE. In addition, the redox peak current of modified SPGE is linearly increased with square roots of scan rates (V 1/2 ) in the range of 0.1-0.5 V s −1 , suggesting that electrochemical reaction of ferricyanide is controlled by diffusion process (Fig. 4) [62] .
As shown in Fig. 5 , the immobilization of ssDNA probe onto SiNWs/AuNPs-modified SPGE (Curve b) exhibited the highest reduction peak current indicated that MB was accumulated on the surface of ssDNA more than complementary DNA due to the strong affinity of MB to free guanine bases and also the electrostatic interaction between positively charged MB and negatively phosphate backbones of ssDNA sequences [65] [66] [67] . 
A. CV Characterization of Hybridization Process on Probe DNA-SiNWs/AuNPs-Modified SPGE
According to Azizi et al. [68] , after hybridization of ssDNA probe with complementary DNA, the interaction between MB and guanine bases was inaccessible due to the formation of hybrid DNA resulted in less MB accumulation at the dsDNA-SiNWs/AuNPs-modified SPGE. This statement is supported by the results in this study. In contrast, some authors claimed on the enhancement of electrochemical sensitivity of MB upon hybridization process due to the ability of MB to intercalate between base pairs in DNA structure, leading to the higher accumulation on dsDNA-modified electrode [69] . This disagreement is probably depends on the experimental condition such as pH, buffer, ionic strength, DNA and concentration of MB which can affect the properties of MB-DNA binding. It can be concluded that the interaction of MB with guanine bases is stronger than intercalative and electrostatic interaction of dsDNA with MB. In addition, the utilization of SiNWs/AuNPs nanocomposite for electrode modification showed a good biocompatibility for DNA immobilization and thus promoted the DNA hybridization events.
B. Study the Selectivity of New Electrochemical DNA Sensor
The selectivity of the hybridization assay was investigated by the hybridization of ssDNA probe with various types of oligonucleotide sequences at the concentration of 1 × 10 −8 M, including non-complementary, single base mismatch and complementary DNA sequences. As shown in Fig. 6(A) and (B) , The DPV of MB produced high reduction signal in the absence of target DNA (curve a) which almost is the same as peak current obtained by non-complementary target DNA (curve b). However, upon hybridization of probe DNA with the one-base mismatch and complementary DNA (curve c and curve d), a significant decrease of DPV peak current was recorded, respectively. In general, the DPV peak current of MB through the DNA hybridization on modified SPGE increased with the order of probe DNA without the target >Non complementary DNA>Mismatch>complementary. It was concluded that our new developed DNA sensor exhibited high selectivity to discriminate between complementary and non-complementary sequences. Table I shows a comparative study on the limit of detection for some electrochemical biosensors.
C. Study on the Sensitivity of New Electrochemical DNA Sensor
The sensitivity of fabricated biosensor was evaluated by the hybridization of probe DNA with different concentrations of complementary DNA (Fig. 7) . It was shown that peak current of MB was linearly increased with the decreasing of logarithm target complementary DNA concentration in the range of 1 × 10 −11 M−1 × 10 −7 M with the regression equation of Y=0.0367 (log X) − 0.2179 (R=0.98); Where Y is peak current (μA) and X is target complementary DNA concentration (M) which is comparable with the previous work [65] [66] [67] (Fig. 7 B) . The limit of detection calculated as 1.63 × 10 −12 M of target DNA concentration using 3s/m measurements. 
D. Regeneration and Stability of New Electrochemical DNA Sensor
The regeneration of developed sensor was investigated by dipping hybridized-modified SPGE in hot water (80°C) for 10 minutes, followed by the rapid cooling at 4°C in refrigerator for 10 minutes. The purpose of this step was to denature the hybridized DNA -modified SPGE and turned into ssDNA (probe DNA)-modified SPGE for regeneration study. This new regeneration SPGE (probe DNA-modified SPGE) was incubated again by new target complementary DNA at the concentration of 1 × 10 −8 M.
As shown in Fig. 8 , the fabricated biosensor could regenerate only one-time with 17% loss of original peak current, meanwhile for the 2 and 3 times regeneration, 53% and 69% loss of peak current obtained, respectively. Since it is a disposable sensor; the low regeneration modified SPGE is probably due to the instability of reference electrode after using more times. Meanwhile, the fabricated biosensor based on SiNWs-AuNPs was kept in refrigerator with silica gel at 4°C over 7 weeks, and about 80% of DPV peak current could be retained from the original DPV responses. 
